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Abstract

The workload directed research project surveyed the available literature on: workload
measurement techniques; and, the effects of workload on operator performance. Two sets
of findings were generated. The first set provided practitioners with a collection of
simple-to-use workload measurement techniques along with characterizations of the
kinds of tasks each technique has been shown reliably to address. The second set
provided practitioners with the guidance needed to design for appropriate kinds and
amounts of workload across all tasks for which the operator is responsible. The criterion
for inclusion into the EndNote™ reference list database limited the articles to those that
were peer reviewed, long standing and accepted in the field, applicable to a relevant
range of conditions in a select domain of interest, with parallels being drawn in an
attempt to identify analogous “extreme” environments to those in space. Research points
towards no one, single approach to determine the suitability of workload in various
operational contexts. Different workload evaluations are needed at different phases of the
development cycle. The Workload toolbox and the Primer can assist in the selection
decision of how and when to use a select set of workload measurement tools.

1. Why Measure and Evaluate Workload?

Human factors researchers have long been interested in the link between workload and human
performance. The earliest studies quickly revealed the deleterious effects of workload that is either
too high or too low. Humans who are overburdened with work tend to hurry their performance,
commit more errors, yield poor accuracy, become frustrated, uncomfortable, and fatigued, and have
poor awareness of their surroundings. Interestingly, humans who are underworked can exhibit many
of the same symptoms. Low workload has been linked to high error rates, frustration, fatigue, and
poor awareness of surroundings as they become bored, as their attention drifts, and as complacency
sets in. From all we have learned, it seems that humans do their best when their skills are exercised
and their abilities challenged, are neither bored nor overburdened, and when periods of work and
rest are equitably mixed together.

These observations about workload and the quality of human performance leave us with two
problems.

The first problem is that we need a measuring device for workload. This measuring device would
allow us to approach any work situation and acquire a numerical (or at least ordinal) measure of the
level of workload being experienced by a human operator. These measures would allow us to
determine when person A is working harder than person B or that task A seems to require more
work from a human than task B.



The second problem is that we need to define practical and sensible limits for workload. In our
discussions of workload, we have tossed around terms such as “overworked” and “underworked.” If
we are to make scientific judgments about workload levels using numerical measures we collect
using our workload measurement device, then we need to more rigorously define these terms.

The ideal solution to both of these problems might be the gauge shown in Figure 1. This gauge
displays the level of workload currently being experienced by a human operator against a backdrop
of clearly defined limits on acceptable levels of workload. When the human is working “in the
green,” all is likely well. Excursions into the yellow or red segments of the gauge are likely to
trigger some of the ill effects of workload that is too high or too low and result in poor overall
performance.

Figure 1. Workload gauge.

It should come as no surprise that human factors researchers have devoted considerable time and
effort to developing tools for measuring and evaluating workload that are at least similar in spirit to
the gauge in Figure 1. Equipped with tools like these, we could approach any work situation and
quickly determine if a combination of human and work environment was operating at peak
performance or if adjustments needed to be made in order to raise productivity and performance.

Efforts to develop workload measurement and evaluation tools have ultimately met with limited
success and the measurement and evaluation of workload is far from the exact science we would like
it to be. There is no workload measurement scale or technique that offers the same reliability as the
scales used to measure height, weight, pressure, or other physical quantities. Similarly, our efforts
to rigorously quantify the point at which human operators reach their workload “boiling point™ fall
far short of those that quantify similarly important states of physical matter.

1.1 Challenges to Measuring Workload

In our efforts to measure workload, we will see that the first challenge arises when we attempt to
define the very notion of workload. Workload means different things to different people. For
example, the word “workload” invites us to think not only about the amount of work that must be
performed but also the load or burden that we might experience while performing the work. Some
people think of workload as something physical while others believe workload to be more about
mental activity or time pressure.

We encounter other challenges when we consider differences in ability and skill among workers. A
highly skilled operator might experience a fraction of the workload experienced by another operator
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who is performing the same task for the first time. Even comparing two operators at the same
experience level, one may have figured out a clever strategy for getting the job done easily while the
other operator toils away, doing it the hard way.

Despite the elusive nature of the concept of workload, this Primer will help you in your efforts to
measure the compelling concept that we all have: the extent to which we are working hard. Toward
this end, we will describe a variety of workload measurement techniques, emphasizing the
advantages and disadvantages of each technique for different kinds of tasks and missions.

1.2 Challenges to Evaluating Workload

In our efforts to evaluate workload that has been measured using a workload measurement
technique, we face additional challenges. We might adopt a coldly rational approach that seeks to
get the highest quantity and quality of work from the human operator in the shortest amount of time.
This strategy ignores the health and happiness of the worker who might expire from exhaustion after
a few days of record-breaking performance. Similarly, we might focus our measures on the
enjoyment or comfort levels experienced by the worker only to find that some workers enjoy not
working at all!

We will see how making absolute judgments about levels of workload for individual activities is
difficult. An astronaut in the middle of a vigorous physical workout might exhibit signs of high
workload only to exhibit signs of low workload while sitting in a meeting later that same day.
Looking at the two episodes in isolation, they might seem to exceed the limits on our gauge in
Figure 1. Looking at the entire day of activities, we might conclude that the two periods of high and
low workload make up a part of a balanced diet of activities. Nevertheless, it is sometimes
interesting or necessary to attempt to quantify and judge workload for a single task. In these cases,
we will ultimately suggest using several workload measurement techniques at once, looking for
collateral agreement between them. Even when we are suspicious about the results provided by a
single measurement technique, we are standing on firmer ground when we see that several
techniques have produced similar results.

The most practical questions to ask and answer about workload are those that involve comparing the
workload experienced by humans when performing several different tasks. In this way, the biases
and limitations that apply when measuring workload for one task consistently apply to all tasks that
are being compared.

2. Measuring Workload

Four basic approaches to measuring workload have been proposed. We will overview each of these
basic approaches, review their advantages and disadvantages, and demonstrate the use of a particular
workload measurement technique that uses each approach.

2.1 Performance Measures

Some workload measurement techniques focus on objectively measuring aspects of the operators’
performance. Performance measures of workload all have a common characteristic: they consider
only the task being performed or the work being produced by the human operator.



2.1.1 Measuring Speed and Accuracy

The simplest performance measurement technique measures the speed and/or accuracy at which an
operator is able to perform a task. This approach is founded on the assumption that the operator’s
performance is likely to degrade as workload increases. Measuring speed and accuracy can be as
simple as using a stopwatch to measure the time required to complete a task and noting the
operator’s success. There are many advantages in using performance to estimate workload. The
experimenter needs to do little more than observe the operator performing a task and decide whether
or not the operator’s level of performance is acceptable. If performance is acceptable, workload is
then assumed to be acceptable.

There are also a number of disadvantages of this approach. Measuring only speed and accuracy is
rather insensitive to the state or condition of the operator while he or she performs the task. If a
human operator feels that he is desperately overworked or underperforming, these observations will
not be considered when a performance measure is used. This can also be problematic because when
a task is performed for a lengthy period of time the operator becomes fatigued, bored, or falls into
any number of unacceptable conditions. For example, a very low workload task might result in
excellent performance during the first few minutes of a task but then degrade if the operator
becomes bored and his attention begins to drift. Similarly, operators might respond to the challenge
of a high-workload task for a short time, turning in a commendable performance, but then begin to
fatigue after a time. The following is an example of simple time and accuracy measures.

Example: After the commercial introduction of the typewriter in 1870, researchers began to look
at human typing performance (Book, 1908). These studies of typing performance used a simple
speed and accuracy measurement technique. Typists were presented with random sentences
while the experimenters measured the number of words typed in a given period of time and the
number of errors made. It was learned that a typist of average skill could transcribe roughly 60
words per minute using the touch typing technique (using all ten fingers and maintaining eyes
focused on the document to be transcribed). A more recent study of computer users showed that
today’s average computer user is able to transcribe roughly 33 words per minute. “Hunt and
peck” typists (who only use two fingers) produce an average of 27 words per minute when
copying text (Karat et. al, 1999).

2.1.2 Measuring Activity

Another performance measure that is more sensitive to the state of the operator focuses on
measuring the actions that the operator must take in order to complete a task. The basic approach
used by this technique is to simply catalog and count the number of steps or actions taken by the
operator to complete the task. Large numbers of steps imply high workload, while a task that can be
accomplished in only a few steps means low workload. The steps or actions that are counted using
this technique might include control inputs, verbal responses, mental calculations, decisions, and
gazes or visual searches required to complete a task.

Example: When the first GPS receivers became commercially available, researchers in England
used an eye-tracking device to record the glances made by drivers who used two types of
navigation information: a paper map and an LCD display. The eye-tracking device captured
both the number and duration of glances made by drivers who used each navigation method.

The researchers were interested not only in which navigation method drew more glances from
the drivers but also in the effect on how many glances were made to each of the vehicle’s mirrors
and out of the front window (Fairclough, Ashby, & Parkes, 1993). The researchers found that as
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the number of glances that were directed toward the LCD screen increased, the number of
glances to the rear view and side mirrors decreased.

One advantage of the technique of measuring operator actions is its simplicity: one only need to
observe the user’s actions, record them as they occur, and tally them up once the task is complete.

A basic disadvantage of this technique is that it does not directly address the notion of workload as
many understand it. The finding that a task requires a small or large number of steps to complete
does not necessarily mean that the operator will experience a feeling of being underworked or
overworked. This approach to measuring workload also has the disadvantage of ignoring skill
differences between operators. One operator may effortlessly perform a task that requires great
effort from another operator.

2.1.3 Task Analysis

A variation on the technique of tabulating the operators’ actions is to enumerate the procedural steps
that are required to complete a task—without actually observing operators while they perform the
task.

Example: A group of researchers analyzed the steps required to complete a customer assistance
task performed by telephone operators at a major telecommunications company. The researchers
enumerated the visual searches, button presses, speech utterances, and mental calculations that
were required to perform the customer assistance task using the company’s existing workstations
and then repeated the analysis for operators who used a new workstation that the company was
considering. The company was considering the new workstations in hopes that they would help
shorten task times and save the company money. Contrary to expectation, the task analyses
predicted that the new workstations would increase the time required to complete the task.
Subsequent empirical testing revealed that the predictions made by the task analysis were indeed
correct (Gray, John, & Atwood, 2002).

The main advantage of the task analysis technique is that it requires no testing with human
operators. Some disadvantages of the technique include: cataloging the procedural steps can be
time-consuming; the technique ignores differences in skill between operators, although some
variability can be reduced if the analysts work in the context of a common model or architecture
(e.g. GOMS; Gray, John, & Atwood, 2002); and it assumes that all operators will follow the same
procedure to complete the task.

2.2 Indirect Measures

An indirect way of measuring workload is to estimate the level of workload imposed by a task by
measuring how well operators are able to perform a second task at the same time they are
performing the primary task. In this way, workload is estimated by measuring how much “spare
capacity” the operator has. If the operator is able to handily perform a second task at the same time
as the primary task, then we can conclude that the primary task burdens the operator with only a low
or moderate amount of workload. On the other hand, if performing a secondary task leads to a
breakdown in the operator’s performance of the primary task, we can conclude that the primary task
absorbs most of the operator’s resources and that the operator is nearing the peak of his capacity to
do work.



Example: A recent example of studies that look at the effects of secondary tasks on primary
tasks are those that examine the effects of mobile phone conversations on driving performance
(Strayer, Drews, & Crouch, 2006). The researchers found that the tasks of producing and
comprehending language draw considerably away from the faculties used during the driving task
and significantly degrade driving performance.

A number of secondary tasks have been proposed over the years and there is general agreement that
there is no single best secondary task (Ogdon, Levine, & Eisner, 1979). However, researchers have
provided good advice about selecting a secondary task. First, a secondary task should use the same
resources as the primary task. For example, a primary task that requires the operator to monitor
events out a window or on a computer display, an ideal secondary task might require the operator to
monitor another display for occasional alerts or messages. If the operator consistently misses alerts
on the secondary display, it is likely that the primary monitoring task is usurping much of their
attentional capacity. A poor choice of a secondary task for this primary task would be to ask the
operator to perform mental arithmetic since these mental calculations might be performed
simultaneously with the primary monitoring task. Second, a secondary task should require
substantial effort to complete. A secondary task that is too easy might fail to interfere with the
primary task at all and thus fail to reveal how much work is being performed (Fisk, Derrick, &
Schneider, 1983). Gawron (2008) describes 29 secondary tasks for consideration, offering
advantages and disadvantages of each task.

For primary tasks requiring visual attention, good choices of secondary tasks are:

* Sort playing cards: give operators a deck of shuffled playing cards and ask them to sort the
cards by suit and rank (Lysaght et. al, 1989)

* Detection: ask operators to monitor a display for occasional alerts

For primary tasks that require mental processing, good choices of secondary tasks might be:

* Mental math: ask operators to perform simple mental arithmetic

For primary tasks that require psychomotor skills, this secondary task might be appropriate:
* Tapping: ask operators to tap out a number or pattern of sounds with their finger

* Classification: ask operators to place a word, number, or object into a category or class (e.g.,
red is a color, 7 is a number)

Secondary tasks can be combined with primary tasks that require operators to use more than one of
their faculties.

Example: Green and Flux (1977) asked pilots who flew a flight simulator to add 3 to a number
that was given verbally. The time to respond to the mental addition task was measured and
recorded. The results showed that the time to respond well correlated with rises and falls in
workload introduced in the flying task. Huddleston and Wilson (1971) obtained a similar result
when they asked pilots to determine if a number, or the sum of two numbers, was odd or even.
These studies suggest the usefulness of simple mental mathematics exercises as secondary tasks
for measuring workload.

Indirect workload measures have the advantage that they offer more clues about the condition of the
operator during the performance of a task.



There are a number of disadvantages of indirect measures of workload. The first disadvantage is
that they rely on assumptions about which kinds of secondary tasks compete with the performance
of the primary task. For example, a secondary task that requires the operator to visually scan a
separate display might be an excellent measure of spare attentional capacity for an operator who
must monitor a scene through a front window. Diminished performance on the secondary task might
allow us to correctly conclude that the primary monitoring task requires much attention on the part
of the operator. Unfortunately, this does not allow us to conclude that the primary task is causing
the operator to experience extreme levels of workload. It may be the case that the operator could
perform other concurrent tasks that do not require frequent and sustained visual attention.

A second disadvantage is that the operator may perform well on the secondary task only to find that
their performance of the primary task has been compromised. This can happen when operators turn
their attention more to the performance of the secondary task. Note that it is not always apparent to
the experimenter when operators decide to neglect the primary task in favor of the secondary task.
Another disadvantage lies in using the same secondary task to compare two different primary tasks.
It can never be known with certainty how a secondary task overlaps with any given primary task. A
fourth disadvantage is that different operators can have different skill levels, or use different
strategies to perform either the primary task, secondary task, or the combination of the two tasks.

2.3 Subjective Measures

Subjective workload measures ask the human operator to describe the workload they experience
when performing a task. Subjective workload measures do not attempt to measure anything about
the task that the user is performing or the user’s performance at any task. Subjective workload
measures focus entirely on the human operator’s feelings about their workload.

Two basic varieties of subjective workload measurement techniques have been developed:

* Subjective numerical measurement techniques ask the human operator to assign a numerical or
ordinal value to the workload that they are currently experiencing while working in a particular
task situation.

* Subjective comparative measurement techniques ask the human operator to make comparisons
between two or more tasks situations and say which situation results in the higher (or lower)
workload.

We will give examples of both types of techniques and explain how each offers its own unique
combination of strengths and weaknesses.

2.3.1 Subjective Numerical Measurement Techniques

Instantaneous Self-Assessment

The simplest and least intrusive subjective numerical workload measurement technique is one in
which you ask your subjects to rate their overall workload, at periodic intervals, on a scale from O to
100. The main advantage of the Instantaneous Self-Assessment (ISA) technique is that it is among
the simplest measures to collect. The experimenter need only be equipped with paper and pencil
while they observe and query the operator as they perform the task.



A principle disadvantage of the instantaneous self-assessment technique arises from differences in the
way people think about workload. For example, some people may regard a task such as carrying
boxes up five flights of stairs as a high workload task. For these people, physical labor epitomizes
the idea of workload. For others accustomed to a stressful job such as trading on the floor of the New
York Stock Exchange or after months of planning a wedding, a day spent carry boxes might be
perceived as a welcome relief, perhaps even a form of relaxation. To others accustomed to working
under tight deadlines, these types of mental or physical work may not seem like high workload at all.
For them, having to complete a task quickly means high workload, regardless of the nature of the
task. These differences in the way people perceive workload can result in drastically different
subjective workload measures across operators who perform the same task.

Another principle disadvantage of the instantaneous self-assessment technique is that different
operators tend to use different portions and different amounts of the 0 to 100 scale. For example,
some operators naturally associate 50 with a situation in which they are neither overworked nor
underworked and drift linearly toward the ends of the scale as their perceived workload rises and
falls. Other operators tend to crowd themselves into one segment of the scale or another, making
disproportionate movements to either side. When crowded to one side of the scale or the other,
operators sometimes inflict ceiling or floor effects on themselves when perceived workload changes
considerably but when they have essentially run out of room at one end of the scale. Attempts can
be made to calibrate operators and prompt them to think of a value of 50 as being the middle, and
making proportionate movements to both sides, but these attempts have typically met with limited
success. For a number of reasons, operators think of workload and their experience of workload in
unique and personal ways. Personality factors have been associated with atypical usage of the O to
100 scale (Hart, personal communication). Operators who feel that they are highly skilled can
sometimes cling to the lower end of the scale, indicating that their formidable skills are only partly
tapped by any task.

Researchers have also questioned to what extent operators’ impressions of workload are colored by
their perceptions of the quality of their own performance. That is, when operators feel they are
performing at a substandard level, they may also feel their workload is high.

NASA Task Load Index

The NASA Task Load Index (TLX) measurement technique was developed to help mitigate a
number of problems that arise from differences in the way people think about workload. The NASA
TLX technique is similar to the instantaneous self-assessment technique in that the experimenter
must periodically ask the human operator for subjective estimations of his/her workload. The key
difference about the TLX technique is that, rather than asking participants to subjectively rate their
workload using a single scale, participants must subjectively rate their workload along six different
workload sub-scales. Each of the six workload sub-scales was designed to characterize workload in
a different way. The six workload sub-scales are as follows:

1. Mental Demand

2. Physical Demand
3. Temporal Demand
4. Performance

5. Frustration

6. Effort



The idea behind using these six different workload sub-scales is to obtain at least one measure of
workload from each participant that captures the essence of workload—the way they conceptualize
it in their mind. For example, if a participant feels that working under time pressure epitomizes
workload, then the estimate they provide for the Temporal Demand might best capture his/her level
of workload —as he/she sees it. In this way, the six workload sub-scales work together to
accommodate six different ways of thinking about workload.

Using TLX, operators are asked to provide ratings along each of the six workload sub-scales. These
ratings can be provided verbally to an experimenter or by using any other data collection device
including paper and pencil or a computer.

Collecting the six measures from each participant leaves the problem of combining the measures to
arrive at some overall measure of workload. The NASA TLX technique requires participants to
rank-order the six workload sub-scales in terms of which sub-scale, in their minds, better
characterizes workload.

A seventh measure of workload (overall workload) is then calculated by multiplying each
workload rating by its numerical ranking (1 though 6), adding these weighted rankings together
(1+2+3+4+5+6), and then dividing by 21 to arrive at the overall workload measure. When all is
finished, the technique yields seven measures of workload: the six individual measures plus the
overall workload measure. It is usually interesting to look at, evaluate, and compare all seven
workload measures.

Example: Casner (2009) used NASA TLX to examine differences in pilot workload in two types
of airplanes: one outfitted with conventional navigation equipment and instruments, the other
outfitted with advanced navigation and control equipment. Pilots flew from airport to airport,
passing through four distinct phases of flight: Setup, En Route, Approach, and Missed Approach.
The experimenter used the last 30 seconds of each flight phase to verbally collect the pilots’
workload ratings along each of the six TLX workload sub-scales. Ratings were recorded using
the score sheet shown in Figure 2 as the pilots verbally provided the ratings.

At the end of the flight, pilots were asked to rank the six TLX sub-scales in terms of which best
characterized the notion of workload in their minds. Back in the lab, the workload ratings and
the rankings were used to calculate the overall workload measure and to determine if any
differences between the two airplanes existed. The results showed that the advanced navigation
and control equipment helped lower workload during some phases of flight but raised workload
in other phases. Overall, there was no difference between the two airplanes.

Among the advantages of the TLX technique is that TLX is more accommodative of different ways
of conceptualizing the notion of workload. TLX offers the flexibility of collecting workload
measures while participants perform the task or after completion of a task while the operator’s
memory of the task experience is still fresh. Workload ratings can be collected from participants
verbally, using a pen and paper, or by computer interface. This flexibility allows NASA TLX to be
used for tasks in which the participant’s eyes are free or for tasks in which the participant must
remain “heads up.” The TLX technique also attempts to accommodate any biases about workload
that might stem from operators’ perceptions of the quality of their own performance.
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Figure 2. NASA TLX score sheet.

Among the disadvantages of the TLX method is that TLX is more time-consuming than other
techniques since measures along six different sub-scales are required. The TLX technique suffers
from the same “scale loading” problems that the ISA technique does: operators do not always think
of a value of 50 as the middle and move linearly toward the two ends of the scale as perceived
workload rises and falls.

Bedford

The Bedford Workload Scale also collects subjective ratings of workload from participants. The
Bedford technique presents the operator with a 10-element scale and offers some of the simplicity of
the Instantaneous Self-Assessment technique. In an attempt to circumvent the scale-loading
problems associated with the ISA and TLX techniques, the Bedford scale attaches elaborate verbal
descriptions to each of the 10 values along the scale, as shown in Figure 3. To simplify the process
of choosing one of the ten workload ratings, the Bedford scale juxtaposes a hierarchical decision tree
onto the ten scale ratings. Operators must navigate through the hierarchy and narrow down their
choices of workload ratings to two or three choices and then select a single rating based on the
descriptions attached to the ratings.
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Figure 3. The Modified Bedford Pilot Workload Scale (for instrument approach tasks)'.

An important advantage of the Bedford technique is that it associates descriptions with each of the
values along the 1 to 10 scale. Another advantage is that the descriptions themselves represent
interpretations of the ratings offered by operators. That is, if an operator offers a rating of 7 on the
Bedford scale, the text description that is associated with that rating provides its own interpretation
of the rating.

One disadvantage of the Bedford technique is that it often can only be used after each participant has
completed a task or when the participant’s eyes are free to focus on a paper or display that shows the
Bedford scale. Another limitation of the Bedford technique is that the ten choices on the scale do
not comprise an interval scale. That is, although numbers are assigned to the ten choices, the
distance between the ten choices cannot be construed as equal (i.e., a rating of 6 does not represent
twice the workload of a rating of 3). Another limitation of the Bedford scale is that as operators
become proficient with the scale, they report they no longer use the hierarchical choices and proceed
directly to the ten ratings. Lastly, and probably most important, the Bedford scale asks subjects to
make judgments about the notion of “spare capacity.” Similar to the ambiguities introduced by
presenting the work “workload” to subjects, the phrase “space capacity” can be interpreted as the
situation in which the operator has additional time, additional mental capacity, a free hand, etc. An
operator that thinks of spare capacity in one of these ways might give vastly different ratings than an
operator who thinks of spare capacity differently.

! Roscoe, 1984
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Advantages and Disadvantages of Subjective Numerical Workload Measurement Techniques

Although subjective workload measures have been criticized as being less “scientific” than other
types of workload measures, they have a compelling and almost irrefutable face validity. As one
researcher points out, if an operator complains about being overworked or underworked, this is
likely to be the case regardless of what any other types of measures may show (Moray et. al, 1979).
Regardless of their apparent validity, subjective workload measures introduce their own unique risks
when they are used to make absolute judgments about operator workload.

Since different operators tend to load onto numerical scales differently and think about the very
notion of workload differently, subjective workload measurement techniques tend to yield
consistently moderate average workload ratings together with large variability. For example, in a
recent study of experienced pilots using a GPS navigation computer and an autopilot in an advanced
cockpit airplane, eight pilots provided the subjective workload ratings for the Mental and Temporal
Demand sub-scales shown in Figure 4.

All eight pilots performed the same task using the same equipment under the same conditions.
Considered together, the mean workload ratings work out to a comforting value that suggests that
operators are neither underworked nor overworked. However, looking at the individual scores, these
conclusions become suspect. The individual measures suggest that Pilot 1 is grossly underworked
while Pilots 2 and 6 approach what might be considered an upper limit on workload. When a
confidence interval is calculated using the individual scores, we can say that there is a 95% chance
that the true average workload falls between a value of 26 and 56. All in all, the data might allow us
to conclude that these pilots were unlikely to be overworked but not to say with any degree of
confidence whether workloads were acceptable or too low. Looking at the two measures provided
by each pilot, there is some consistency. The consistency in the measures along the two sub-scales
might suggest that the two pilots think differently about the 0 to 100 scale but also introduces the
possibility that they experienced two drastically different amounts of workload.

Pilot Mental Demand Temporal Demand
1 5 5
2 65 70
3 45 50
4 30 65
5 30 35
6 75 60
7 40 50
8 40 40
Average 41.3 46.9

Figure 4. Example of NASA TLX Workload scores for eight pilots.

Another disadvantage of subjective workload techniques is that they do not always measure
workload as the operator performs a task, but rather sometimes after the task has been
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completed. This has prompted a number of claims that subjective measurement techniques are a
better test of the operator’s memory than they are of the workload they had experienced
(O’Donnell & Eggemeier, 1986).

2.3.2 Subjective Comparative Measurement Techniques

Subjective Workload Dominance Technique

The subjective workload dominance (SWORD) technique begins with the assumption that a more
reliable evaluation of the workload experienced by human operators in various task situations can be
achieved when the task situations are compared with one another rather than evaluated in absolute
terms. For example, if we are interested in knowing how tasks A, B, and C compare with respect to
workload, the SWORD technique asks operators to make comparative judgments between each
combination of the three tasks (A vs. B; B vs. C; and A vs. C). Comparisons are solicited from
operators using a comparison sheet such as the one shown in Figure 5.

Very Very
Absolute Strong  Strong Weak EQUAL Weak Strong Strong Absolute

o TASK B
TASKA __ o TASK C
TASK B L TASK C

Figure 5. SWORD response sheet.

Operators make relative comparisons using a 17-element scale. A mark on the middle element
indicates that the subjective workload experienced while performing the two tasks is roughly equal.
Marks made to the right or to the left of the middle element indicate that workload was greater for
one task or the other to increasing degrees.

The developers of the SWORD technique recognized that the relative comparisons made by
operators may not always be consistent (e.g., operators might not say that workload for task A was
four times greater than task C, even though they stated that A was twice as great as task B, and B
was twice as great as task C). For this reason, the comparisons made by operators are subjected to a
statistical analysis that evaluates the degree of consistency among the rankings and assigns a
reliability estimate of the entire workload evaluation based on the degree of consistency. A number
of statistical techniques have been proposed and used for determining the reliability of the estimates
provided by operators (Budescu, Zwick, & Rapoport, 1986; Crawford & Williams, 1980).

Advantages and Disadvantages of Subjective Comparative Workload Measurement Techniques

A principle advantage of subjective comparative techniques is that they do not require operators to
assign numerical or ordinal rankings to the workload they experience. This eliminates the problems
associated with scale usage and the problems associated with interpreting key words and phrases that
might be used to describe numerical levels of workload.
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A main disadvantage of comparative techniques is that they offer few means of discovering when
any given task situation results in too much workload. However, we will defer the discussion of
workload limits to a later section.

2.4 Physiological Measures

Physiological measures of workload attempt to associate physiological changes with levels of
workload. For a time, researchers hoped that physiological measures could be found that
represented a truly objective workload measurement—one that did not rely on assumptions about
how people perceive workload or on subjective ratings provided by human operators. For this hope
to come true, a physiological measure would have to be found that represents a “tell tale” sign of the
experience of workload. While many physiological measures have been investigated, no one
measure has proven to definitively capture our notion of workload.

24.1 Heart Rate

Perhaps the simplest and most time-honored physiological measure of workload is heart rate. Heart
rate can be measured using a simple heart rate monitor such as those used during exercise. These
devices sample and record heart rate roughly once per second and store the data in files that can
easily be viewed and analyzed on any personal computer. Numerous researchers have studied the
extent to which heart rate correlates to human task performance and to other measures of workload
and the results have been mixed. Heart rate seems to be a good correlate of physical activity and a
modest correlate of mental activity. Roscoe (1992) reviews a number of studies in which heart rate
was used to measure workload among pilots. The earliest of these studies dates back to 1917.

2.4.2 Heart Rate Variability

A slightly more sophisticated measure of workload is heart rate variability. Heart rate variability is
the differences in the time intervals between heart beats, irrespective of the number of beats per
second. Measuring heart rate variability requires more sophisticated equipment. A number of
researchers have had some success in relating heart rate variability with other measures of mental
workload (Vicente, Thornton, & Moray, 1982; Mulder, 1980; Metalis, 1991).

2.4.3 Evoked Potentials

More sophisticated physiological recording techniques measure changes in electrical potential in
responses to visual and auditory events or capture images of the brain while operators perform tasks.
These highly specialized (and costly) measurement techniques are beyond the scope of this Primer.

2.4.4 Advantages and Disadvantages of Physiological Measures

A primary advantage of physiological workload measures is their unobtrusiveness. Unlike workload
measurement techniques that require operators to perform secondary tasks or to provide verbal
estimates of their own workload, physiological measures tacitly measure biological changes in the
operator as they work.

A primary disadvantage of physiological workload measures is that there is little theory behind
them. Although we have observed and associated changes in the cardiac, respiratory, and central
nervous systems while operators work and can make sensible hypotheses about why these
changes might occur, there is no clear-cut mechanism by which the same physiological changes
should occur in every operator as they perform work. As is the case with the other types of
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workload measurement techniques, researchers have had mixed success in relating physiological
measures to workload.

3. Evaluating Workload

Researchers and developers use workload measurement techniques because they have questions they
need to answer. Before selecting a particular workload measurement technique and getting started,
it is important to establish the questions you wish to answer. Two questions about workload seem to
naturally arise in the minds of practitioners who become interested in measuring workload.

3.1 Is Workload Too High or Too Low?

A natural question to ask in any task or mission situation is: “Is the operator’s workload too high
or too low?” Since most workload measurement techniques yield some sort of quantitative
measure (subjective comparative techniques such as SWORD are an exception), this question
leaves us with the problem of interpreting these measures in absolute terms. For example, if a
workload measurement technique yields a workload measure of 70, we must decide whether 70 is
acceptable, too high, or too low. Making this judgment introduces the need to define acceptable
ranges of operator workload. Taking this idea further, it would seem useful to be able to define
absolute upper and lower limits on workload: the equivalent of redlines at the extremes of our
workload gauge shown in Figure 1. Reflecting on the limitations of each type of workload
measure technique discussed above, we encounter difficulties when trying to interpret workload
measures literally or to make judgments about workload measures in absolute terms. Although
some researchers have proposed redline limits for particular workload measures (Rueb, Vidulich,
& Hassoun, 1994; Reid & Colle, 1988) for these reasons, efforts to define redline values for
workload have met with limited success.

Direct workload measurement techniques that measure speed and accuracy are problematic because
they fail to identify high workload as the reason for poor performance. It is a questionable
assumption that high workload is likely to result in poor performance (Yeh & Wickens, 1988;
Vidulich & Wickens, 1986). Direct workload measurement techniques that measure or model
operator activity also fail to consider the condition of the operator while they perform the activities
and to consider whether or not the operator is underworked or overworked.

Indirect workload techniques can be unreliable when the relationship between primary and
secondary tasks is unclear. Variations in subjective workload ratings provided by different operators
tend to produce moderate overall workload ratings when they are aggregated across individuals.

Subjective workload measurement techniques introduce the problem of operators using different
portions and ranges of the scale. Even when normalization techniques are used to attempt to place
all operators’ ratings on a common scale, we are still left with the problem of some operators not
revealing states of being overworked.

The idea of defining a redline limit for workload raises another question: what is the meaning of
redline? Rueb, Vidulich, & Hassoun (1994) drew an analogy between a workload redline and the
redline shown on the tachometer of an automobile. The tachometer redline indicates a value at
which sustained performance will likely result in harmful effects, not a value at which the engine
will instantaneously fail. This idea poses the challenge of defining a time limit to accompany the
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workload limit: how long can human operators spend at or above the redline? Although the negative
effects of prolonged periods of high or low workload are well documented, there is good evidence to
support the idea that periods of hard work, followed by periods of rest, are beneficial. Regular
practice in using skills associated with emergency procedures or any fast-paced or demanding work
situations can only help improve operator preparedness. One way to circumvent this problem is to
introduce a notion of workload dose that is similar to the notion of noise dose used for noise
exposure. Rather than placing all emphasis on peak levels of workload, a workload dose approach
would consider episodes of workload individually, noting both the level and duration of the
workload. These individual episodes can be summed to arrive at an overall workload dose.

Operator workload is often an item of interest in complex situations in which humans perform many
different tasks as part of an ongoing mission. For example, we might be potentially interested in
how workload changes throughout an entire day of work and as operators perform dozens of
individual tasks. This presents the question of on which tasks should workload be measured.

One solution is to measure workload throughout the entire mission. Most of the workload
measurement techniques described above can be used to collect periodic measurements throughout
the course of a mission. The resulting data can be used to determine how workload rises and falls
over the entire work period.

An alternative approach to answering questions about absolute workload is to use several different
workload measurement techniques concurrently (Hendy, Hamilton, & Landry, 1993). If several
techniques yield results that are in agreement with one another, then there is collateral evidence that
the findings are representative of operator workload. Regardless, practitioners are cautioned against
using any numerical workload measure as an absolute measure of workload. While researchers who
developed workload measurement techniques may have originally had the goal of creating a
measuring device for workload that had the same interval properties as scales used to measure
physical properties, workload scales have not yet achieved such a status.

Another solution is to measure workload for tasks that are identified as being particularly important.
There are a number of criteria for choosing which tasks are most important for workload
measurement:

» tasks for which the possibility of error is less acceptable
* tasks for which no oversight or redundancy is available

* tasks for which workload is suspected or reported to be high

3.2 How Does Workload Compare between Several Tasks or Designs?

Because of the limitations inherent in all workload measurement techniques, a more practical goal in
assessing workload might be to compare the workload measures obtained for one task or design with
those obtained for other tasks and designs. The reason for this is simple: even if operators think
differently about workload, have different skill levels, use different strategies, load onto scales
differently, or experience different physiological responses, it is likely that they will carry these
same differences from task to task and design to design. For example, if an operator consistently
provides an average workload rating of 60 for Task A and an average workload rating of 40 for Task
B, then we are on more solid ground in concluding that operator is experiencing higher workload on
Task A. There is a long history of using a single workload measurement technique for making these
kinds of workload assessments and design decisions based on them.

16



3.3 Undertaking a Workload Measurement and Evaluation Effort

We have described the tools needed to conduct an analysis of workload for most situations in which
humans work alone, with others, or together with technology to accomplish an aim. We now turn
our attention to the steps needed to undertake such a study: from the formulation of the questions
that one wishes to answer to the drawing of conclusions. We will not attempt to review the entire
process of conducting a scientific experiment here but rather review those parts of the process that
are specific to measuring and evaluating workload.

The use of the workload measurement and evaluation techniques we have described generally
requires five steps.

3.3.1 Formulate Questions

The first step is to formulate the questions that you wish to answer using workload analysis.
While everyone may have different questions to answer, common questions about workload
might include:

* Does workload for one task differ from workload for another task?

» What level of workload do operators experience for a task?

* Does workload vary between operators?

* Does workload vary through different phases of a task?

» What is the highest, lowest, or average workload experienced by operators for a task?

3.3.2 Choose Workload Measurement Technique(s)

Based on the kinds of questions you wish to answer and the details of your task environment, your
next step is to choose a workload measurement technique. The table in Figure 6 summarizes the
characteristics of each workload measurement technique described above. The table makes explicit
how workload measurement techniques are different in the amount of preparatory work they require;
how much time they require from the operator; and whether or not they require visual, auditory
attention, or manual intervention from the operator. The table in Figure 6 also summarizes how the
techniques vary in the type of measurement they provide: absolute measures; absolute measures that
are anchored to a particular scale; or relative measures.

Technique Prep Time Eyes Ears Hands Absolute Relative Anchored
Performance

Speed and Accuracy X

Activity X

Task Analysis X

Indirect

Secondary Tasks X X X X X

Subjective

Numerical

ISA X X

TLX X X X

Bedford X X X X
Comparative

SWORD X X X
Physiological

Heart Rate X

HRV
Evoked Potentials X

x

Figure 6. Characteristics of workload measurement techniques considered.
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3.3.3 Prepare Materials for Data Collection

The next step in preparing to use a workload measurement technique is to create a means of
measuring and recording the workload data. If workload measures are to be made through
observation by an experimenter, a simple log sheet can often be made that simplifies the recording
of measures. For example, Figure 7 shows a simple score sheet that allows an experimenter to
record performance times for tasks and record the number of instances of errors of three particular
types for a simple tracking task.

3.-22 . :

TIME

ERRORS

Figure 7. Simple log for operator performance time and error on a tracking task.

In the case that a subjective workload measurement technique is used, score sheets can be created
that allow an experimenter to record ratings that are given verbally by operators. A simple score
sheet that allows an experimenter to collect instantaneous self-assessment, TLX, and Bedford
measures is shown in Figure 8.

TASK 1

TASK 2

TASK 3

Figure 8. ISA, TLX, and Bedford rating sheets used by experimenters.
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Note that in order to use the Bedford technique, operators must also be provided with the Bedford
scale, shown in Figure 3, as a reference.

Subjective workload rating techniques are often used in situations in which it is best to have the
operator directly record their own workload measures. In these cases, some type of computer
apparatus is required. In the case of some techniques such as TLX, there are accompanying software
packages or Internet sites that allow operators to enter workload ratings directly after they have
completed a task. Other experimenters have created their own custom software and hardware tools
that allow operators to directly enter workload ratings while they perform a task. These tools might
present the operator with a message on a computer screen indicating that a workload rating is now
requested. The operator would then respond to this request by pressing a numerical key on the
computer keyboard.

3.3.4 Choose and Instruct Participants and Gather Data

After a workload measurement technique has been chosen and the needed materials have been
prepared, individuals must be chosen to participate in the workload measurement experiment. After
participants are chosen, they must be instructed on the use of each workload measurement technique
that requires action or input from the participant. The ISA, TLX, and Bedford techniques all require
subjective workload ratings from participants and therefore require that participants be trained in the
use of each technique. Participants should be given the basic instructions that are provided in the
seminal publication that describes each technique. All of these instructions provide participants with
a basic familiarization of the concept of workload, outline what responses (ratings) will be required
from participants, and often include some basic description of the workload scales to be used. For
example, techniques that use a numerical 1 to 100 scale sometimes instruct participants to think of
50 as the middle of the scale (the situation in which the participant feels neither underworked nor
overworked).

Of particular importance is providing participants with an opportunity to practice giving subjective
workload ratings. A number of authors have noted how participants’ subjective workload ratings
can vary as they acquire more practice with using the scale.

Of equal importance is providing the experimenter(s) with a chance to practice whichever data
collection steps they must perform as the experiment progresses. Even if these steps only require the
experimenter to note important events and record them, or verbally acquire subjective workload
ratings from operators and record them, it is important that the experimenter reach a point of
proficiency in performing these steps.

3.3.5 Analyze Data and Draw Conclusions

Once the data have been collected, they must be analyzed and used to answer the questions that were
posed.

3.4 An Example: Using a Flight Management Computer

We will illustrate the process of conducting an analysis of workload using a hypothetical example.
For this example, we will first establish the question or questions we wish to answer about workload.
We will then choose one or more workload measurement techniques based on the questions we wish
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to answer and the details of the tasks we wish to study. Then we will walk through the process of
using the workload measurement technique(s) to gather data with test subjects. Finally, we will
analyze the data we gathered to help answer our questions.

3.4.1 Task to be Studied

Flight management computers that incorporate GPS technology and the ability to pre-program flight
routes are now common in aircraft of all types. The flight management computer shown in Figure 9
is common in general aviation aircraft.

The flight management computer allows the pilot to pre-program a flight route and then receive
guidance along that route during flight. As long as no changes are required during the flight,
following the route amounts to little more than proceeding from one waypoint in the route to the
next. Figure 9 shows a simple route that has been preprogrammed. The waypoints that comprise the
programmed route are shown as a list of waypoints at the bottom right of the display.

NAv1 117.95 ++115.40 suc weT KGNB 3. < . 123.750 ++ 119.925 com1
nav2 108.00 117.95 135.975  120.050 comz
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Figure 9. Flight management computer used in general aviation.

It is sometimes the case that air traffic control will ask pilots to make changes to the programmed
route during flight. This situation is often cited by pilots as being one that raises workload to
undesirable levels. In order to change the flight route, pilots must divert their attention from the out-
the-window scene to the flight management computer. Since a series of button presses and menu
selections are required to effect the changes in the route, a period of “head-down” time is required.
When these changes are requested by air traffic control during the approach phase of flight (nearing
the destination airport), workload is often cited to become high since pilots must complete several
other tasks during this busy phase of flight (radio communications, briefing approach procedures,
etc.).
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3.4.2 Questions to be Answered

In this example, we will walk through the process of doing a simple workload analysis of the route-
changing task using the flight management computer shown in Figure 1 during the approach phase
of flight. In our example, we are mainly concerned with discovering if workload becomes what
might be regarded as too high.

3.4.3 Choosing Workload Measurement Techniques

In this example, we are interested in making an absolute judgment about workload levels.
Considering the limitations of all workload measurement techniques for drawing these sorts of
conclusions, we decide to use several measurement techniques and look for collateral evidence that
workload might in fact be too high. Since performing the task in an error-free fashion is of the
utmost importance, we decide to include a direct measure of workload: one that tracks pilot error.
Since our study was prompted by complaints received from pilots, we would also like to directly
examine pilots’ subjective feelings about their workload. We then decide that it would be best to
collect pilots’ subjective measures during the flight itself rather than tapping their memory of the
flight afterwards.

This leaves us with a number of choices. The instantaneous self-assessment (ISA) technique is
appealing because is promises the least amount of distraction for pilots. However, the ISA
technique produces numerical ratings and presents the problem of deciding whether or not the
ratings are too high or two low. The ISA technique also presents problems with pilots’
interpretation of the word “workload.” We consider whether or not we would have time to collect
the more elaborate TLX ratings. We then consider the idea of asking pilots to fly two types of
approaches: those in which reprogramming is required and those in which it is not required. This
comparison would lend additional credibility to any conclusions we might draw based on workload
measurement techniques that produce numerical ratings. A comparison of numerical ratings
between the two types of approaches would help focus any workload problems directly on the
situation in question: approaches in which pilots are asked to switch approach procedures.

The Bedford technique would be useful because it produces literal evaluations of workload levels:
pilots say whether or not their workload is too high or too low. But a problem with Bedford is that it
requires more time from pilots and asks them to divert their attention to a sheet of paper in order to
choose a workload rating.

After some consideration, we decide that NASA TLX and Bedford subjective ratings could be
comfortably elicited from pilots during the final minute of the approach, after contact with the
airport has been established and workload levels relax. Based on these considerations, we decide to
use three workload measurement techniques: a direct measure of pilot error; the TLX; and Bedford
subjective ratings techniques. Looking at two subjective ratings of workload will allow us to
compare pilots’ feelings with their actual performance.

3.4.4 Preparing Materials

To assist the experimenter in collecting error data, the score sheet shown in Figure 10 was designed
to allow the experimenter to quickly note any errors made by pilots during flight. A list of potential
errors of interest was made and included in the score sheet. For example, pilots might stray from
their assigned altitude or course, choose the wrong approach procedure in the flight management
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computer, or configure the computer in an otherwise incorrect way. The experimenter can now
simply observe the pilot fly and make tick marks on the score sheet along the way.

The score sheet in Figure 10 also allows the experimenter to enter Bedford and TLX ratings given
by participants.

APPROACH 1

APPROACH 2

Figure 10. Experimenter score sheet for operator errors when comparing
two workload approaches.

3.4.5 Collecting the Data

1. Pilots are recruited to serve as test subjects and we are left with the task of preparing to use the
workload measurement techniques we have chosen.

2. The direct measure of recording errors does not require any pilot briefing since pilots are not
asked to do anything other than perform the task.

3. Using the Bedford and TLX workload measures requires some additional preparation. First,
pilots must be briefed on the use of both techniques. Prior to each experiment flight, each pilot is
briefed on the purpose of both the Bedford and TLX techniques. The briefing should cover these
items:

a. Participant workload briefing
* Introduce the notion of “workload” to participant
* State that you would like to measure workload
* Participant will be asked to rate their own workload

* Explain that measuring workload in this way is subjective and that there are no right or
wrong workload ratings. Workload is whatever the participant feels their workload to
be at the time the experimenter asks.

* Two workload measurement techniques will be used
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b. Bedford
* Participant will be given the Bedford sheet

* Walk participant through process of using the Bedford sheet: making hierarchical
decisions about which workload level best describes the participant's current situation

* Ask participant to ultimately provide the numerical rating that best describes their
perceived workload

c. TLX
* Participant will be asked to provide six separate workload ratings

* Each of the six workload ratings asks the participant to look at workload in a different
way

* Participants must give the six workload ratings verbally, using a scale of 0 to 100, by
increments of 5

e Participants are asked to think of 50 as being the middle of the scale: a situation in
which the participant is neither underworked nor overworked

During the flights, pilots program the assigned approach procedures into the flight management
system. During half of the flights, pilots are allowed to fly the assigned approaches while the
experimenter records any errors. Near the conclusion of each approach, the experimenter prompts
pilots for the Bedford and TLX ratings and records them using the score sheet. During the other half
of the flights, as pilots approach the destination airport ATC intervenes and asks pilots to fly a
different approach. This requires pilots to focus their attention to the flight management system and
reprogram the approach. The experimenter again records any errors made and near the conclusion
of these approaches the experimenter collects Bedford and TLX ratings from the pilots.

3.4.6 Analyzing the Data and Drawing Conclusions

Back in the laboratory, the error data and workload ratings are compiled into a spreadsheet for
analysis. Figure 11 shows the columns of data representing the errors made and the workload
measures taken during the two types of approaches: those that required reprogramming and those
that did not.

A statistical comparison of the data columns revealed that the approaches during which
reprogramming was required results in significantly higher workload ratings for the TLX overall
workload scale: #(11)=8.789, p < .001, as well as the Bedford scale: #(11)=8.281,p < .001. The
number of errors committed during the two types of approaches seemed to trend toward a difference
but fell short of statistical significant test.

Based on the observation that two different workload measurement techniques produced the same

result, we conclude that the task of reprogramming approach procedures in flight presents a
significant workload issue.
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SUBJECTIVE WORKLOAD RATINGS

Same Approach (Control) Different Approach
TLX Bedford TLX Bedford

50 4 75 6
45 4 80 7
55 4 75 6
60 5 80 6
45 5 80 7
45 5 85 7
50 4 75 5
55 4 70 8
60 6 70 8
55 4 75 7
45 5 80 7

51.36 4.55 76.82 6.73

NUMBER OF ERRORS COMMITTED

Same Approach (Control) Different Approach
1 3
2 2
1 1
2 5
3 4
2 5
2 2
1 1
1 1
0 1
1 3
0 1

Figure 11. Comparative figure of subjective workload ratings and error rate.
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